The objective of this article is to investigate the flow structure of the ventilated cavitation around an under-water vehicle. In the experiments, a high-speed camera system is used to observe cavity evolution of the unsteady cavitation flow, the velocity field is measured by the particle image velocimetry technique, and dynamic pressure measurement systems are used to measure pressure fluctuations under different cavitation numbers. We seek to investigate the mechanism of the re-entrant flow and shock wave phenomenon during the cavity evolution. The study concludes that the ventilated cavity is insufficient to overcome the re-entrant jet intrusion and the re-entrant jet moves upstream straightly as well as curvilinearly. Then, the vortex structure rotating clockwise forms on the vehicle surface and the cavity area with low velocity represents the vortex. The re-entrant jet rolls back after the re-entrant jet reaches the front of the cavity. The experimental results also show that the pressure signals at different instants destabilize on the vehicle surface; fluctuant pressure peak is detected at the closure region of the cavity and pressure peak increases as the cavitation number is decreased. Surface pressure fluctuations travel on the vehicle surface from the collapse of cloud cavitation. The variation in shedding frequency for different cavitation numbers is discussed at the end of the article.
Introduction
Cavitation around the low-pressure region of the vehicle appears in under-water launch process of high-speed vehicle. When the vehicle exits the water, the pressure fluctuates generated by the cavitation bubbles collapse, which has great influence on the trajectory and vibration of the vehicle. Most problems are related to the transient phenomenon of the cavitation structures. Rouse and Mcnown 1 studied a series of experiments on the cavitation flows around axisymmetric model. Measurements were made across a range of cavitation numbers and have been applied in a wide range of investigations. Arakeri and Acosta 2 made a large number of studies on the cavitating flow around axisymmetric bodies and found various types of cavities.
Ceccio and Brennen
3 recorded the volume fluctuations of the cavities by measuring the local fluid impedance near the cavitating surface. The results revealed that the cavities fluctuated at specific frequencies associated with the oscillations of the cavity closure region. Vlasenko 4 investigated the hydrodynamic of axisymmetric bodies moving in water in supercavitating flow regime. The collapse of the cavitation occurring around the under-water vehicle with deceleration was numerically simulated. 5 A double optical probe was used to investigate the cavity structure of the two-phase flow by Stutz and Reboud. 6 Huang and colleagues 7, 8 used high-speed video and particle image velocimetry (PIV) technique to investigate unsteady sheet/cloud cavitating flows. Hu et al. [9] [10] [11] used high-speed video to observe the cavitating flows over an axisymmetric blunt body, and the velocity fields are measured by a PIV technique in a water tunnel. The instable cavitating flows around the under-water vehicle during the launch process were experimentally and numerically analyzed to study the collapse mechanism of the cavitating bubbles and its coupling effect with the vibration of the structure. [12] [13] [14] Although the cavitation may not be avoided, it is not always an undesired phenomenon in fluid dynamics. In the past decade, many research works have been done to minimize the undesired effects of cavitation and maximize the advantage of cavitation. Ceccio 15 presented the recent advances of the use of partial and supercavities for drag reduction of under-water vehicles and surface ships moving within a liquid. The experiment has been carried out in the water tunnel to investigate some aspects of the flow physics of a ventilated vehicle. 16 The supercavitating at under-water high-speed model motion with artificial, supercavitating water jets was presented. The gas leakage and supercavity closure were discussed. 17, 18 The ventilated cavitating flow on gas leakage behavior and re-entrant jet dynamics were investigated by combining numerical methods and experimental methods. 19 To sum up, most researchers focus on the cavity shedding mechanisms of unsteady cavitation flows over different models. But few pay attention to the pressure and the pulsation frequency in the ventilated cavitation flows over a ventilated vehicle. Thus, in this study, the unsteady ventilated cavitation flow over an underwater vehicle is investigated by PIV system combined with wall-pressure measurements. Emphasis is put on the wall-pressure fluctuations and shedding frequency under different cavitation numbers to improve the understanding of the unsteady ventilated cavitation flows.
Experimental setup
The experiments were performed in the high-speed water tunnel at Harbin Institute of technology. The schematic diagram of the water tunnel is shown in Figure 1 . The water tunnel is a closed-jet, recirculating facility, and the flow velocity can be varied from 0 to 18 m/s. The tunnel allows for removing a great quantity of air during ventilated experiments by a special design. The test section is a channel of 260 mm 3 260 mm square cross section and 1000 mm length with flat parallel side walls. The side walls of the test section are equipped with transparent windows to perform visual observations, as shown in Figure 2 .
In order to ensure the formation of the ventilated cavitation, the air injection system is used, as shown in Figure 2 ; the main components include compressor, pressure regulating valve, and flow sensor. In this system, the ventilation pressure and the volumetric flow rate can be measured by the flow sensor.
The test vehicle was mounted in the tunnel. The length of the test body is L = 335 mm, and the diameter is D = 40 mm. A schematic of the test body is shown in Figure 3 . During the test, the flow over the test body was at zero angle of attack. The surface pressure at different locations on the model was also measured to aid the understanding of the observed flow physics. Seven CYG505 transducers' conditioner was embedded in the model to facilitate the unsteady pressure measurements. The pressure transducers' locations are shown in Figure 3 . The unsteady pressure signals are sampled at a frequency of 1 kHz. The cavitating flow around the model was imaged with a Photron FASTCAM SA-X high-speed video camera. The resolution of the image was 640 3 144, and the flow was illuminated using three halogen lamps. The frame rate of the video recordings is 3000 frames per second (fps), with a 1/7000 exposure time. Light-emitting diode (LED) phosphors were used as tracer particles; the middle plane was illuminated by an 8-W continuous-wave semiconductor laser (532 nm). A highspeed video camera (Photron FASTCAM SA-X) was used to acquire the images. The camera was operated at 1024 3 632 pixels with a framing rate of 20 kHz, which was sufficient to cover a range of frequencies of interest. The open-source PIV toolbox MatPIV is used to process the velocity vector fields with the interrogation areas of 32 3 32 pixels and 50% overlap in general. The camera and the data acquisition system are triggered manually using the common time.
Results and discussion
The ambient pressure, designated as p 0 , is measured using a pressure transducer. The velocity at the inlet of the test section is fixed at U 0 = 8 6 0.01 m/s, where natural cavitation has not occurred in the velocity.
The ventilated cavitation number, s, is defined as [20] [21] [22] [23] 
The gas entrainment coefficient is introduced as
The Reynolds number and Froude number are defined as follows
where p 0 is the ambient pressure, p c is the pressure in the ventilated cavity, r is the water density, V N is the mainstream velocity, _ Q is the volumetric gas rate at the pressure p c , and D n is the diameter of the axisymmetric body. The ambient pressure, p 0 , was 68.4 kPa. The Reynolds number is fixed at 4.04. The Froude number is fixed at 3:2 3 10 6 . Note that the cavitation number was varied in the range from 0.39 to 0.65 in the experiments by changing the gas entrainment coefficient from 0.05 to 0.15.
Evolution of cavitation pattern and velocity distribution
The experimental evolutions of the ventilated cavitation are shown in Figure 4 . In the PIV technology, a thin laser light sheet is used to illuminate the center lengthwise section which shows the detail of cavity interface clearly. Figures 5 and 6 give a typical cavity and the velocity vector distributions in the ventilated cavitation area, respectively. The following is the analysis about the typical cavity shape and its corresponding flow structure.
At the beginning of the cycle, the adverse pressure gradient becomes strong and overcomes the momentum of the flow confined by the near-wall region, and then the re-entrant jet forms. Then the re-entrant jet moves into the cavity after its generation and a partial re-entrant jet motion is observed, as shown in Figure 4 .
The forepart of the cavity is transparent in Figure 4 (t 0 2 t 0 + 39 ms). The cavity and re-entrant jet influence each other. The unsteady re-entrant jet impinged on the cavity boundaries, and the cavity boundaries become wavy as shown in Figure 4 (t 0 + 19 ms). As the re-entrant jet head flows back, the transparent cavity in front of it is replaced by the opaque cavity gradually at the same time. The shape of the re-entrant jet head is a short curve, as shown by the curves in Figure  4 . It can be seen that the re-entrant jet flows back to the forepart of the vehicle with an angle to the vehicle axis; it is because the ventilated cavity is insufficient to overcome the re-entrant jet intrusion. The re-entrant jet moves upstream straightly and curvilinearly. The transparent cavity after the curve is disturbed and generates tiny foam. A closer examination of the opaque regions reveals that the cavity surface is not smooth in these areas. At t 0 + 26 ms, the cavity is cut by this re-entrant jet and forms shedding cavity which is lifted away from the vehicle surface leading to cavity break-off. The short curve moves up to the forepart of the vehicle and the re-entrant jet invades more and more regions till at t 0 + 46 ms when the transparent cavity length in front of it disappears. Then, the vortex structure rotating clockwise forms on the vehicle surface. The vortex distributions and velocity contour can be seen in the interior of the ventilated cavity in Figure 5 . From the velocity contour, it is convinced that the cavity area is with low velocity. The low-velocity area is seen in the cavity which represents the vortex as mentioned above. The re-entrant jet rolls back after it reaches the front of the cavity, as shown in Figure 6 . The break-off cavity is detached from the vehicle surface, and the break-off behavior becomes violent to cause the shedding cavity to roll up and large cavity vortexes shed toward downstream. Finally, new transparent cavity appears at the shoulder again and repeats the evolution described above. From t 0 + 75 ms to t 0 + 96 ms, the forepart of the transparent cavity has a smooth interface. Figure 7 shows the evolution of cavity shedding when the cavitation number is 0.65. Similarly, at the beginning, the cavity interface becomes wavy and breaks off. Re-entrant jet appears and moves back to the front of the vehicle under adverse pressure gradient at the closure of the cavity. When the re-entrant jet arrives at the forepart of the vehicle, the cavity separates from the vehicle as a whole, as shown in Figure 7 . The shedding bubble flows to the bottom of the vehicle with the main flow. The experimental results show that small cavitation number has a longer cycle and stable time. The reason for the difference is that the cavitation number at 0.44 has smaller influence on the cavity boundaries. It indicates that the cavity break-up may be delayed by the smoother boundaries, compared to cavitation number at 0.65.
Wall-pressure fluctuations
Unsteadiness characteristic observed in the cavitation was quantized by measuring the time variation flow properties such as cavity pressure. The locations of the surface pressure sensors are shown in Figure 3 . The variation in surface pressure from a high-frequency response transducer was recorded using a high sampling rate data acquisition system, and a sample signal is shown in Figure 8 . The flow unsteadiness pressure and the frequency can be calculated using these measurements. Based on the experimental results for the water tunnel vehicle, Figure 12 shows the fast Fourier transform (FFT) of the surface pressure signals for different cavitation numbers.
Cloud cavitation has a regular shedding sequence, as shown in Figure 4 . Therefore, the shedding frequency is a distinguishable parameter which depends on the cavitation number, as shown in Figure 4 . The shedding mechanism of cloud cavitation is based on the reentrant jet, and the distance that the jet travels toward the vehicle forepart is an important factor for the shedding frequency. The cavity is cut by this re-entrant jet and the rolling up shedding cavity impinges on the vehicle surface. At this moment, a rapid pressure which shows pressure wave corresponding to the shedding cavity. A detailed analysis of the ventilated pressure at point C3 is as follows. Initially, the pressure increase is caused by the interaction between the cavity and the vehicle surface as shown in Figures 9(a) and  10(a) . Then, the re-entrant jet develops at the closure of the cavity. The interface becomes unstable and the reentrant jet moves further toward the front. The cavity is cut by this reverse flow as shown in Figure 10(a) . The pressure fluctuation decreases gradually at Figure  9(b)-(d) . The pressure near the ventilation detected by a pressure transducer is lowest, followed by an increase in pressure fluctuations (see point (e) on Figure 9 ).
The average pressure of 1 s along the vehicle surface was estimated and the pressure fluctuations for different cavitation numbers are depicted in Figure 11 . Here, Ps represents the pressure on the vehicle surface, D is the diameter of the axisymmetric body, and x is the distance between the head of model and the pressure sensor. The pressure experiences the adverse pressure gradient at the rear part of the cavity. The pressure is accompanied by an increase in the intensity of pressure fluctuations. Then the pressure near the ventilated cavity decreases. As shown in Figure 11 , the pressure which is in the rear part of the cavity location increases with the decrease in the cavitation number. The non-dimensional dominant frequency is St = fD=U ' . f represents the frequency of shedding and s represents the cavitation number that depends on the gas entrainment coefficient. If we change the ambient pressure while maintaining the gas entrainment coefficient, the different ambient pressure gave basically the same Strouhal number as shown in Figure 13 . With the reduction in the cavitation number, the dominant frequencies of the pressure signal decrease which corresponds to cavity shedding cycle. The dominant frequencies are compared with the results obtained by other researchers as shown in Figure 14 . The difference in the values of growth rate about dominant frequencies in Figure 14 may be caused mainly by the model design, cavitation number, and scale effects, and it is the ventilated cavitation in this experiment instead of the natural cavitation experiment in Chen et al. 
Shedding frequency

Conclusion
In this study, some aspects of the flow physics of a ventilated vehicle are experimentally investigated in the high-speed water tunnel. The mechanism of ventilated partial cavitations can be clearly observed through the image analysis based on the high-speed video observation and wall-pressure measurements. As a result, the following conclusions can be drawn: 1. The periodically shedding cavities are chosen for further exploration of cavitation shedding dynamics and associated flow features. A partial re-entrant jet motion is observed. As the reentrant jet head flows back, the transparent cavity in front of it is replaced by the opaque cavity gradually at the same time. The re-entrant jet flows back to the forepart of the vehicle with an angle to the vehicle axis. The cavity area where the vortex structure forms is with low velocity. 2. The pressure signals for different cavitation numbers are depicted, and the average pressure of 1 s along the vehicle surface was estimated. The evolution of the cavity causes the change in pressure distribution at the surface of the vehicle. A fluctuant pressure peak is located at the cavity closure depending on the cavitation number. The pressure peak increases with the decrease in the cavitation number. 3. Based on pressure transducer measurements, it is found that for the case of transitory cavity reentrant jet-induced shedding, the main factor for the pulsation is mainly caused by periodic shedding of large-scale vortex cavities at the rear region of the cavity. With the reduction in the cavitation number, the presence of dominant frequencies of the pressure signal decreases which corresponds to cavity shedding cycle.
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